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OPTICAL ANALYSISOF HIGH PoWERFREE ELECTRONLASERRESONATORS
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S. C. Bender, and B. D. HcVey

uni~eraity of California, Los Alamos National Laboratory
p.o. BOX 1663, ~s E523, Los filamos, NFI 87545

(505) 667-6o6s

Abstract ~

The first part of this paper briefly de- ‘
scribe8 the optlca code used at Los Alamos Na-
tional Laboratory to do optical analyses of vari-
OIM components of a free electron laser, The
body of the paper then discusses the recent re-
zults in modeling low frequency gratings and
riPPle On the surfaces of liquid-cooled mirrors.
The ripple is caused by structural/thermal ef-
feCtS jn the tiirror surface due to heating by I
optical absorption in high power re~onators. of I
interest is how much ripple can be permitted
before diffractive losses or optical mode distor-
tions become unacceptable. Preliminary work is
presented involving classical diffraction prob- ~
leras to support the ripple study. The llmlta- I
tions of the techniques are dincussed and the ~
results are compared to experimental results ;
where available.

lntroduotion

~is paper is n contlncatlon of a previoun
one, which diso~msed the optical analysls of a
grazing lrlcidence, optical resonator intended for
use in a Free Electron Laser (FEL) at Los Alamoa,
The emphasis waa on the comparison of the oode to
experiment. The present paper wJ1l continue th18
effort and analyze the modelJng of the 8urfaces
of llquid-oooled mirrors when high power laser
beams are incident on them. The ultlmate tiim in
~hese nnalyses is to be able to design optics
needed for the FEL, which take into aooount the
varloun tolerances necessary for the oomponente
of an effiolent and practical eystem.

Prescnt:d first will be a brief discussion of
the Op?ioe oode, General La8er Analyei8 ●nd De-
sign CodfI (GLAD), u~ea in thtr analysis, Next,
preliminary oanes are presented, Oofialstlng of
olzfm~oal c!lffraotlon problems, in whioh the oode
in comparod to ●r,dlytloally derived oases, The
etudy Oonelstea of rdnnin8 the following e8tnb-
lished textbook casen: the riqcare and olroular
●pcrtur~s, Young’s elltm (two-slit problem), and
the fOUP ●nd nix slit gratings. Generally, there
in very good @grrement with the anaiytloally
der!vcd vmluee. For the four-eltt oaae, there
ar? Rome differences in the resultn ●nd the dlaa-
greements Inarease with tho Incraane in the num-
ber of nlitn analyzed. The code lR Ilmi+?dby
tht finite array In the Fast Four’iur Transform
teohnlque uned in the code,

?ollauing thin LS a report of the resulte of
modellhg ripple on llquld-oooled mirrors oaueed
by thermal distortion, The mirror modol used
hero ●hmirnen that tha coolrd mirrorn havtr a nub-
akruoture oonnlntlng of o grl~’ of nquare oelln
throuah whioh the fluid f;cws, When a hluh power
beam in lnoldant on such n nurfaoe, the nurfaoe
deformations r~nultlng from heat absorption ap-

proximate a slncsoidal ripple across the mirror
in two directions. This effect can be modeled as
n very low freqtiency grating. The resonator con-
figuration used for this case consisted of two
normal incidence, spherical mirrors, with a graz-
ing incidenoe, hyperboloidal, beam expantllng
mirror in between. This cavity has been de-
scribed in detail and analyzed in Reference 1.
The large angle of incidence (86°) at the grazing
lncldence mirror complicates the ripple patterns.
This case has been successfully modeled.

In conclusion, It 1s shown that the code in
acccessful in analyzing the low frequency ripple
situations encountered in the resonator optic8
for the FEL. The analysis to date has already
produced results which provide direction for
practical design of FELs. Losses due to diffrac-
tion from the ripple oould be significant.

DeeoriDtion of the GLADCode and Its
Applioatlon to the Optical Analysis

of Free Eleotron Laser&

The GLADoode ueed Jn the modeling of effects
described in thle paper is the latest in the
series of LOTS dlffraotl>n propagation ooden, de-
veloped over the yeara. This series of oodes has
been devaloped by Applied 0ptlo8 Reaearoh, the
Air Foroe Weapone Laboratory, and the Loa Alamon
National Laboratory. The ade uaea Faat Fourier
Transform and ray traolng teohniqwn to ●nalyze
optioal eyetema from ●nd to end.

Hlstorloally, the oodea that have been devel-
oped ●nd used for the deeign ●nd analyais of
.laaer Optioal ayatema with reaonatorn and tlltod
oomponente have been paraxlal in nature. Calou-
lationa ●nd Oorreotlonn of optioal ●berrations in
the eyetem were done with off-line oodes @nd
folded syateme were modeled by “unfolding” the
eymtem, Suoh oodee ●nd teohniquea are inadequate
to dealgn ●nd analyze grazing Jnoidenoe reaona-
tore (wlLh tilted oomponente) whioh are encoun-
tered in the FELn of lntereet. Thena
dlffloultlea ●nd tha developm$,.t of a dlffraotlon
routine with exaot, ray aber?atlon oaloulatlonn
for arazing Inoldenoe optloa used in arbitrarily
tllced and deoentered nystems h ve been described
in detail in a prevlou$ paper, Y This approaoh
han been nuooeenfully implemented in the GLAD
ood~ and the analynls herein uses thin ●ppro~ch.

Briefly, to denorlbe the propagation of IJ
beam through a oorr)plex three-dlmenalonal opticnl
nyntem, the oode defines four coordinate systems!

GLOBAL -
RAY -
VERTEX -

SURFACE-

1

Ray and vertex loo8tlonn.
Complex amplitude dintrlbutlonn.
Component rotationn and shape doflnl-

tlon~.
Surface at ohlsf ray Intarcept point.,
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‘The global coordinate ayatem allows Compo- –
nenta to be positioned and rotated arbitrarily.
Exact aberrations are calculated for components
in aligned or ❑isaligned configurations by using
ray tracing to compute optical path differences
and diffraction propagation. The optical path ‘
differences between components and beam rotations
in complex mirror systems are calculated accu-
rately.

The code has a modular structure and is
therefore very versatile in nature. User defined
modules are also permissible, such as a single
pass through a fully three-dimensional resonator
oavlty, These modules can then be called any
number of times. Thtis, the GLADOode enables the
~etermination of Lhe properties of the optloal
beam passing many times through a very COrfIpll-
cated FEL system. The next sections describe the
results obtained using this code for the problems
stuciied.

Comparison of Code to Classical Problems

Preliminary oases were run to demonstrate
that the code ie working correctly. These cases
oonsiat of modeling square and olrcular apertu es
and oomparing the results to the expected einc $

funotlon (sinC(x) - sin(x)/x) and to the Airy
pattern, respe tively. These examples are found

Yin Bornu& Wolf and Schaums Outline Series on
Optlce.

The square aperttire ease, as set up to rufl on
GLAD, oonslsted of a plane wavefront impinging
no?mally on a square aperture (0.4 cm x 0.4 cm),
which was then propagated through a lens of ~ocal
length 5000 cm and then to the focal point. To
obtain the best agreement required thb cae of a
large array (256 x 256). For the circular ease
tho eetup was the came except for the aperture,
which was 0,4 cm in diameter. The wavelength
used was 0.65 Ilm.

~he comparison of the GLADresults to the
ainci function showed very good ag~eement. The
amplltude o the flret diffraction lobe ●greed to

twithin 1 .2 of the theory, The second lobe had a
1,0S error and the third lobe had an 8,05 error,
For tho olroular aperture, ●gret?ment of the aode
with the Airy pattw’n wan very good for th~ first
dlffraotlon ring, (0.4S error). The agr99ment
for the s@oond ●nd third rlng~ wae not as good
with @rroro of 10.$ and 14.$ roepeotively.

The next set of oases was multiple alit prob-
lems (two, four, ●nd 81 slltn), again ohonon

1from text book examplen in bn attempt to tle the
oodo renclta to those of well known problems
whtoh have been vurlfled by experiment,

The two-nllt ease, also known ●n Young’$
experiment, as net up for the oc}de, han ant
widths of b = ,01 om ●nd ● ant neparatloh of
a - .05 om, The olit neparatlon 1s meanured b.-,
tweon the mlddlen of the two nlltn. The oxpootod
renult in a nerlen of fringen under ●n envoiope
of the nlnf! 2 funotion. The quantity M - atb I
prndlotn whioh frl gen will oolnoide with th~

!!minima of the nino funotion and henoe w1ll be
mirlnlnt. For thin oara, every flfthth frin,;e
nhould be mlsnlng, After .judlcloun seleotloll of
the unit 81ze for the array npaulnn between
polntn, very good agreement wan obtained with

.,..,

theory; the fifth, tenth, fifteenth, and tventl-
eth fringes were ❑issing (Fig. 1).

There is a problem, however, in choosing an
appropriate unit size for the array spacing. The
results are affected by the number of array
points that fall within the slits and their pOSl-
tions relative to the slits. By changing the
array spacing a minute amocnt, one can pull one
more array point in or out of the slit width,
which can change the problem dramatically. In
many cases every sixth fringe was mlsslng instead
of every fifth, and in rne case every seventh
fringe was missing. This 18 best understood by
analyzing the problem the 00de la working, which
is an approxlmatio~ of the desired problem.

Using the above problem with slit widths b
and separation a, the code will approximate these
distances by putting a certain ncmber of arraY
points within the silts. The number 1s deter-
mined by the unit size. Let the two slits be
centered about the origin, and the cnit aizc or
the distance between array PO1!NS be c. Let t~e

first and last pOlntS te fall within the alit be
❑ and m + n respectively. Thus the slit width
the code !s actually using 1s the unit size times
n, That .s, it 1s not b but b’ - nu, where the
prime indlcatee the approximate vbluen the code
is using. The silt aeparatlon, which 1s measured
from the midule of one ellt to the middle of the
other slit, 18 then o’ 0 2mu ● nu. Henoe the
missing fringe will be given by:

In
chosen
for ●n

two aeparwte oaaes the unit sizes were
to be Q020 OK and .0019 om respectively
●rray aizo of 256 x 256. For tha flr8t

oaae, the oode aoleotad m ~ 10 ●s the first ●rraY
p?.int to fall within the elit, ●nd the nllt width
enoompaaaed five ●rray polnto, le. n - 5. Henoe
141 = :, whloh la 8xaatly the original problem.
However, for the aeoond Oai!o where n - ,0019 om,
the oode aoieoted the fl~at point to fall within
the slit ●n m = 12 and the slit width wan n = 4.
Henoe n’ - ‘1,. wIIIcP, meann the seventh fringe was
suddenly mlsnlng with only ● alight Ghange in the
‘~ lit 8120.

For all the Oaaes with a unit SIZe smaller
than L = .0015 Om, the mle~ing .hlnge wae ●lway8
the f’lth one. ‘fhib says that the Rmaller the
mit size (or the greater tha reeoiutlon) the
more reliably the ood. can perform the problem,
whioh stands to reasc,l. For thin partloular
probl~m, thi8 t,ran~lldtee into e requirement of at
leant seven points wlthln the slit width.

The four-nllt ●nd Fix-nil? problems were! Set
up with Lh# aamo ollt width and slit neparatlon
●s in the two-nllt problem. IZxtl’a silts were
●ddwl outa!da the orl$lnal two. The expected
r@SUlt8 ar’J v@Py Slmllhr t,J the tWO-E~lt case
exoept thet thO br~ght fl’lngen beoome narrower.
Tho fringe positions ●nd the inlaelng frlnge$
nhatild remain t.htt eume. $lRurm 2 shown the tkO-
nllt problem a~n!n ernumpt with a different unit
site. Thin 1s lnolud~d for comparison to the
four- and niu-nllt probloms with th~ name utllt
nlze, which ar~ nhqwn in F!da, 3 and 0. The GLAO
rendltn tigr~e very wnll with the narrowing of thp
bright frlngen and their ponitlonn. The miminil
frlngen, how~vcr, were not tolally mbnent, al-
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thocgh fringe number five aoes have a deep notch
in it (see Fig. 3). ‘fhls problem was more pro-
nounced in the six slit case (see Fig. 4). Over-
all, though, agreement with theory is very good.

It can be concluded, from this first study,
that the code doe9 handle simple diffraction
problems correctly. since these classic problems
have been verlfled by many experiments over the
years it has been demonstrated that the code
agrees well with experiment both in intensity and
spatial distribution. There are problems, how-
ever. Due to practical llmlts on the array size,
the code la?ks the resol~tlon required to model
high spatial frequency gratings.

Modeling Ripple on Liqcid-Cooled Mirrors

The ❑irrors of high powered FELs will experi-
ence power densities high enough to damage ordi-
nary mirror surfaces. Therefore an effort is
underway to design, analyze, and bciid mirrors
that are cooled by flowing a fluid through a
substructure under the mirror surface. The re-
sults to date of the analysis performed on the
code GLADare presented in this section,

The mirror deelgn oonsldered for thl~ analy-
Sia aeaumes that the substructure consistn of a
grid of square cells through which the fluid will
flow. A high powered beam will cause a certain
amount of distortion of the mirror 8crfaoe. The
square gr’ld substructure will, consequently, show
through on the surface ,TS linear ripple in two
directions across the mirror surface, This may
be thought of as a very low frequency, sinusoidal
grating.

The resonator uned In thin analysls 1s de-
scribsd in detail in reference ). Briefly,
though, it consists of two npherical, normal
inoidence mirrors and one grazing lnoldence,
Off-axis, hyperboloidal, beam expanding mirror
(see Fig. 5), The grazing Incidence angle 1s
about 86C. The right hand sphere in positioned
ao that ita radiU8 of ourvature itioolnairient
with the fecue B of the hyperbola, so that the
beam 1s intercepted at normal inoidence rmd re-
turned baok on ltnelf, Tharefore, the radius of
ourvature of the e.phere 1s imaged at fooun A of
th hyperbola. The radliia of otirvature of the
left hand ephore overlepa the image at fooua A
thug oreating ● near oonoentrlo resonator. The
waist ●ppoare wlthln the overlap region at poei-
tion uo. The overall length of tne resonator
18 approxlmataly 6U m, The wavelength ueecl in
thie analynie+ 1s 0.6326 urn, For ● ntable Causnl-

$
an mode, MO- 0.0 63 cm was uned (U5 in the beam
half width at I/e of the intensity).

FOP thle study, ripplen ara ●dded to the
right hand sphere ●nd to the grazerl but none to
the left hand sphere. The grid ntruoture of the
sphere ie made up of 1/4 inch squares and that of
the grazer in 1/6 inqh nquaren, Henoo, the peii-
odn of the sinusoidal ripple are I/q lnoh And 1/9
inoh reopootively for the two mirrorn,

Adding the ripplo to the nphore in very
atralghtforward ainoe the beam is normally inol-
dent on tho mirror. However, for the grazer it
In oomplioatod by tho axtreme grazing incidenoe
●ngle. The ripple in one trannvern~ dirootion
will be foreshortened and henoe will ●ppear to

the beam to have a much higher spatial frequency
than in the other transverse direction. The
amplitude of the wavefront error, however, will
be reduced uniformly across the surface of the
mirror by the tilt of the grazing incidence angle
(a factor of cos t16°). Thus the tolerance on
figure error for the grazer does not have to be
as tight as for the sphere. The period of the
foreshortened ripple is about 0.021 cm, which is
approximately half of the spacing for the slits
in the previous section of classical problems;
therefore an array of double the size (512 x 512)
was used for the ripple study.

One last cvib.ject that must be di~cussed be-
fore the results can be preaent~d is the regolr
tion in both the near and far field. The unit
size is chosen initially at the beam waist where
the wavefront is flat. The mit size in the far
field (at either mirror position) is then deter-
mined by the code cslng the formula: u~ - Az/Nu
(a result of Fourier Transform Theory). The unit
sizes in the near and far fields are u and Uq, i
1s the wavelength, z 1s the di8tance propagated,
and N IS the array size, This 18 an inverse re-
lation which says that for greater resolctlon in
the far field one gives up resolution in the near
field and vice versa. The code has an actomatic
mode for the choioe of the initial unit size such
that the resolution in both the near and far
flelda are equal. For the present study, this
mode wan not employed, beoacse greater resolution
was required at the mlrrora. Care must be taken
when doing this, beoauae aliaeing oan become a
problem.

A oaae of an unaberrated resonator was run
for one hiindred pasaes to demonstrate that a
stable Gacaaian mode exists; this run agreed well
~ith analytloal oaloulations. The result8 of the
ripple study ●re from caaes baaed on the uaist
parameterei of tt.ia stable mode. The8e oanes are,
however, run for only a single rocnd trip pass.
This at.udy, there?ore, indlcaten how a stable
mode la affected by the ripple added to these two
mlrrore for a single paas. Sir.oe the resolution
wae not the name in the near and far fields, it
wae felt &hat th9 reaulte of multipane runs wocld
be questionable, eo none were run. For the un-
●berrated oaae the renolutlon brae ●llowed to be
equal in both tha near and far flelda,

TWOoaaes will be dieou~aed here. The f’irst
eseumed the Fame nurfaoe error due to ripple on
both mirrors (1/20 nave peak to valley) and fur
the L!OOOndoaee a more reotrlctlve tolerance wds
plaoed on the ephwe (1/100 wave peak to valley),
while the grnzer remained t,hm name,

Figure 6 ahowa the results ●t the walnt for
the flrnt ease. It shows the diffraction pattern
due to ripple on both the grazer end the sphere.
The x ●nd y axen are trannverne to the beam prop-
agation direotion, To natiefy the Nyqulat riam-
pling criteria (of at least 4 array points under
each period of the nlnunoldal ripple), greater
renolction Wae req’Jired ●t both mirrorn, Thin
implies lowtr resolution in the near field (at
the weint), That ia why, in Pig, 6, the Oaumni-
an-like beam appears an a spike in the onntcr of
t,ha three-dimensional plot. A 512 x 512 array
wan uned for this probl,em and the array npaoing
was u - ,06 cm at the waint Wo, Figures 6-12 are
●ll baned on thin array nize and spacing and all

3



,-

have been cropped off at 8 cm. The field size for
this array is about 15 cm (where the origin is in
the center of the array).

Meeting the Nyquist criteria for the ripple
on the sphere was easily accomplished, but for
the foreshortened axis of the grazer to meet the
criteria, a 512 x 512 array was required. By
analyzing the results in Figs. 6-9, one finds
that all the diffraction lobes are identifiable.
The four spikes in Fig. 6 that are equidistant
from the central beam are due to the ripple on
the sphere. They are at a distance r, - 1.54 cm
from the center. The two smaller spikes, in
close to the central beam and along the x axis,
PeSUlt from the untilted transverse axi8 of the
grazer, These spikes can also be seen in Fig. 7
which is a ‘Islicew through the three-dimensional
plot along the x axis (y-O). The solid line is a
plot of the intensity at the waist and the dashed
line 1s a plot of the phase. The vertical scale
ha~ been chosen to emphasize the low intensity
diffraction lobes; hence the main beam is off
scale. The peak intensity ia indicated in the
margin, 7n Fig. 8 the diffraction lobes due to
the tilted transverse axis of the grazer are
found near the edge of the plot at about
r ● 7.5 am. Figure 8 is a “slice” along the y
axis of Fig. 6.

Figure 9 is a power-in-the-bucket plot and
sums up the power in circular rings of lncieasing
radii that are centered on the main beam. The
total power has been normalized to one so that
the fractional power 1s dlaplayed on the vertical
axis, rind the horizontal axis 1s the distance
from the center of the beam. Each set or spikes
that is equidistant from the center or the beam
appears as a step in this plr.t, The main beam
has 66% of the power in it, which accounts for
the lnltlal step ~p to .659. The flrat 8t,ep to
the fight of that, to .663, is caused by the two
npikes on the x axla, which are caused by the
ripple of the untllted axis or the grazar. The
step due to the tilted axis 1s found on the eY-
treme right hand side of Fig. 9, ~ a small step
at approxi~t.ely r - 7.5 cm.

The remainder or the etepe result from the
ripple on the sphere. The four largest dirrrac-
tlon lobe8 aooount ror the largest step (~rom
.663 to .953). Eaoh of the next two steps to the
right of that ●re owned by ● set of very faint
lobes &t equal radii, which when taken together
●dd up to tha mall step. They lie on a grid of
squares with @lden or dlmennlon rl - 1.54 Om, no
that they rail on dlagonaln out from the oontral
beam at dlatanoen of rl~z and rlis, Beoaune or
their very low individual power, they do not chow
up well on the intensity plot.?,

All o!’ thu power thrown out into the Ulfrrao-
tlon pattern represcnta ~ loss in the laner reno-
nator. For the ~ase nhown in Flgn, 6-9, thic 1s
●pproximately ● jUS losn per pans, For the oaee
ahown In the next plots, Fign, 10-12, the to~@r-
anoe on tho nphw’e wae decreased to 1/100 wavo of
CJurraC@●rror (pYak to valley). Figures 10 and
11 show t,tm w and y ●xln of the beam at the Waist
and the nuhntantlnjly raduced dlrrraotlon ptt-
tern. Figure 12 ni)own the power-in-the-buoket
plot for this c~~e ●nd ● nlgnlrloant improvement
in th~ lo$m, whioh is ●bout JS 10M por pans, TO
aeqwrate ths ~ffaotn of the two mirrors, the

ripple was placed only on the grazer for the case
8hown in Fig. 13 and only on the sphere for the
case shown in Fig. 14. The two steps seen in
Fig. 13 are due to the two difrerent spatial
frequencies of ripple on the grazer and the sin-
gle step in Fig. 14 is due to the one frequency
of ripple placed on the sphere.

‘i%e conclusion drawn from this study is that
GLADcan model ripple or the cooled mirrors very
well. Furthermore, ripple can cause a signifi-
cant loss in the laser resonator, and the sphere
13 the more sensitive of the two mirrors in this
problem. It should be pointed out that the 3$
loss per pass is a worst case, because the ripple
tias applied tiriirormly across the mirrors in the

calculations. In reality, since the ripple is a
function of the beam llltensity and since the beam
would be approximately Gaussian, the amplitude of
the ripple will be greatest at the center of the
beam and will fall off to near zero in the wings.

Conoluslon

From the studies presented in this paper, it
can be concluded that the code GLADhandles dif-
fraction problems correctly. Its regcltr compare
very well with classical text book solutlons. The
code uas csed to analyze the problem of ripple on
liqcid-cooled mirrors with a square grid scb-
structure. The results show that for a practi-
cal, erficient FEL resonator, ripple will have to
be controlled very well. Ripple will also be a
❑ore serious proolem ror the normal lncl~ence
❑irrors than for the grazing incidence mirrors.
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